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Introduction
Eukaryotic initiation factor 4G (eIF4G) is a large and multidomain protein that plays a scaffold function during translation initiation. The middle domain of eIF4G, termed the MIF4G domain, has been shown to act as a multipurpose adaptor, mediating protein-protein interactions with the translation initiation factors eIF4A and eIF3 and also displaying RNA-binding capabilities (Lamphear et al., 1995; Pestova et al., 1996; Imataka & Sonenberg, 1997) . Besides the eIF4F complex, MIF4G-domain-containing proteins are involved in several pathways of mRNA maturation and surveillance, translation and degradation (Ponting, 2000) . Some examples are the death-associated protein 5 (DAP5/ p97) involved in cap-independent translation mechanisms, which interacts with eIF4A via an MIF4G domain (Virgili et al., 2013) , and the exon junction complex protein Upf2, which interacts with its binding partner Upf3 through an MIF4G domain (Kadlec et al., 2004) . Additionally, poly(A)-binding protein-interacting protein 1 (PAIP1) contains an MIF4G domain which has been suggested to be responsible for its interaction with eIF4A, with a role in translation regulation (Lei et al., 2011) . The MIF4G domain also has a role in the formation of the cytoplasmic deadenylase complex Ccr4-Not (Basquin et al., 2012; Petit et al., 2012; Mathys et al., 2014) .
Kinetoplastida, a class of early-diverging eukaryotes that includes pathogenic Trypanosoma and Leishmania species, display key differences in their translation machinery compared with other eukaryotes. One of these differences involves a larger number of genes encoding eIF4E and eIF4G homologs and the mode of interaction between the translation initiation factors. Trypanosomatids possess six homologs of eIF4E and five homologs of eIF4G, and the specific functions of the different homologs in the context of protein synthesis are not fully understood. Moreover, the interaction between these homologs to form eIF4F-like complexes has been shown to be species-specific (reviewed in Zinoviev & Shapira, 2012; Freire et al., 2017) .
Although all five trypanosomatid homologs of eIF4G are predicted to have an MIF4G domain, interactions involving this domain have only recently been described in Leishmania major and Trypanosoma brucei between the initiation factors EIF4G3 and eIF4A, and between EIF4G4 and eIF4A (Moura et al., 2015) . T. brucei EIF4G5 was found in a complex with EIF4E6 and an uncharacterized protein of 70.3 kDa, referred to as TbG5-IP, which contains a P-loop NTPase and a guanylyltransferase domain (Freire et al., 2014) . However, the interaction motifs involved in such complexes are still unknown. In this work, we have determined the crystal structure of the MIF4G domain of the T. cruzi initiation factor EIF4G5 at 2.4 Å resolution, which is the first threedimensional structure of a trypanosomatid MIF4G domain to be described. This work provides structural data which may contribute to the understanding of the molecular basis for the recognition of specific partners by the extended eIF4G family in these organisms.
Materials and methods

Protein expression and purification
The nucleotide sequence encoding the MIF4G domain of T. cruzi EIF4G5 (TcEIF4G5-MIF, comprising residues 142-371) was synthesized by GeneCust after codon optimization for Escherichia coli expression and was cloned into the pET28a vector (Novagen). The recombinant protein was expressed fused with a C-terminal His tag. E. coli BL21 Star (DE3) cells were transformed with the expression vector and incubated at 37 C in LB medium containing 100 mg ml
À1
kanamycin. When the culture reached an OD 600 of $0.6, the temperature was reduced to 18 C and protein expression was induced with 0.2 mM isopropyl -d-1-thiogalactopyranoside (IPTG) for approximately 16 h. Cells from 1 l of culture were harvested by centrifugation at 6000g for 15 min and suspended and lysed in 20 ml buffer A (50 mM Tris-HCl pH 8.8, 500 mM NaCl, 20 mM imidazole) using a microfluidizer (Microfluidics 110L series 0300).
The soluble fraction was isolated by centrifugation at 40 000g for 30 min at 4 C. The extract was loaded onto a 5 ml His-Trap HP column (GE Healthcare Life Sciences) equilibrated with buffer A. TcEIF4G5-MIF was eluted with a seven column volume (CV) linear gradient from 0 to 15% buffer B (buffer A + 500 mM imidazole), followed by a seven CV linear gradient from 15 to 30% buffer B. Fractions containing the target protein were pooled, concentrated to a final volume of 1 ml and loaded onto a Superdex 75 16/60 column (GE Healthcare Life Sciences) equilibrated with 20 mM Tris-HCl pH 8.8, 300 mM NaCl. The eluted protein was concentrated to approximately 5.5 mg ml À1 for crystallization assays. Expression of selenomethionine-labeled (SeMet) TcEIF4G5-MIF was performed based on the metabolic inhibition method. Briefly, E. coli BL21 Star (DE3) cells transformed with the expression vector were incubated at 37 C and 200 rev min À1 in M9 minimal medium supplemented with the selection antibiotic as described above. When the culture reached an OD 600 of $0.6, it was supplemented with 10 ml of a sterile mixture containing lysine, phenylalanine and threonine at 10 mg ml À1 , isoleucine, leucine and valine at 5 mg ml À1 and selenomethionine at 6 mg ml À1 diluted into M9 medium without glucose and thiamine. The temperature was reduced to 18 C, and after 30 min of incubation protein expression was induced with 0.2 mM IPTG for approximately 16 h. The cells were harvested by centrifugation and SeMet TcEIF4G5-MIF was purified using the same protocol as was used to purify the nonlabeled TcEIF4G5-MIF.
Crystallization, data collection and processing
TcEIF4G5-MIF was submitted to crystallization trials by the sitting-drop vapor-diffusion method using commercial screens. Optimization of the initial crystallization conditions was performed by varying the precipitant and the buffer. The best crystals were obtained by hanging-drop vapor diffusion at 18 C by mixing the TcEIF4G5-MIF protein at 5 mg ml À1 in 20 mM Tris-HCl pH 8.8, 300 mM NaCl with reservoir solution consisting of 100 mM sodium cacodylate pH 6.5, 2 M ammonium sulfate. SeMet TcEIF4G5-MIF crystals were grown using the same conditions. Before data collection, the crystals were cryoprotected by the addition of 25%(v/v) glycerol to the mother liquor prior to flash-cooling in liquid nitrogen. X-ray diffraction data were collected from TcEIF4G5-MIF and SeMet TcEIF4G5-MIF crystals on the PROXIMA-1 beamline at Synchrotron SOLEIL using a PILATUS 6M detector (Dectris). Diffraction data were processed using the XDS package (Kabsch, 2010). The TcEIF4G5-MIF data set was submitted to anisotropy analysis using the STARANISO server (Tickle et al., 2018;  http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi).
An anisotropic cutoff on merged intensity and anisotropic correction were applied to the data. The data statistics are presented in Table 1 .
Structure determination
The structure of TcEIF4G5-MIF was determined by singlewavelength anomalous diffraction using diffraction data from SeMet TcEIF4G5-MIF crystals. The positions of heavy atoms were determined using SHELXD (Sheldrick, 2010) , the initial phases were calculated using Phaser (McCoy et al., 2007) and density modification was performed using Parrot (Cowtan, 2010) . Automatic model building was performed using Buccaneer (Cowtan, 2006) . At this point, we used the higher resolution data set from the nonlabeled TcEIF4G5-MIF crystal in order to proceed with structure refinement by alternating cycles of BUSTER (Bricogne et al., 2017) with visual inspection and manual rebuilding using Coot (Emsley et al., 2010) . Model validation was performed using the MolProbity web server (http://molprobity.biochem.duke.edu/; Chen et al., 2010) . Refinement statistics are presented in Table 1 . The atomic coordinates and structure factors have been deposited in the Protein Data Bank under accession code 6ozu.
Structural analysis
Structural comparisons were performed using the DALI server (Holm & Laakso, 2016 ). 3D models of T. cruzi initiation factors EIF4G1-EIF4G4 were generated using the Phyre2 server (Kelley et al., 2015) . Structure-based sequence alignments were performed using PROMALS3D (Pei et al., 2008) .
3. Results and discussion 3.1. TcEIF4G5-MIF displays local differences despite overall conservation of the MIF4G domain structure Initial attempts to determine the crystal structure of the MIF4G domain of T. cruzi EIF4G5 (TcEIF4G5-MIF) by molecular-replacement methods failed, although MIF4G homolog structures are available in the Protein Data Bank. Therefore, selenomethionine-labeled (SeMet) TcEIF4G5-MIF was produced and structure determination was achieved by the single-wavelength anomalous diffraction method. The initial model obtained from the experimental electron-density map was used to complete building and refinement against a higher resolution native data set. The TcEIF4G5-MIF structure was refined at 2.40 Å resolution to final R work and R free values of 20.1% and 24.3%, respectively (Table 1 ). The polypeptide chains of the two monomers in the asymmetric unit were clearly defined in the electron density. Superposition of the monomers in the asymmetric unit resulted in an r.m.s.d. of 0.57 Å and we used monomer A for structural comparisons.
TcEIF4G5-MIF conserves the overall structure of the MIF4G domain, consisting of five tandem HEAT repeats, resulting in a solenoid-type structure (Marcotrigiano et al., 2001) . Each HEAT repeat consists of two parallel -helices, named 'a' and 'b', connected by a loop. The so-called 'a' and 'b' helices form the concave and convex sides of the MIF4G domain structure, respectively (Fig. 1) . Structural comparison using the DALI server (Holm & Laakso, 2016) 0 † The TcEIF4G5-MIF data set was submitted to anisotropy analysis and correction using STARANISO (Tickle et al., 2018). structural similarity between TcEIF4G5-MIF and other MIF4G domains despite their low sequence identity (Table 2) . However, local structural differences are observed (Fig. 2) . We initially investigated the structural similarity between TcEIF4G5-MIF and MIF4G domains from initiation factors 4G through a comparison with the available structures of human EIF4G3 (formerly called eIF4GII; Marcotrigiano et al., 2001) and Saccharomyces cerevisiae EIF4G1 (Schü tz et al.,  2008) . The three homologs feature a long HEAT repeat 3; however, TcEIF4G5-MIF features longer helices 3a and 3b, whereas extended flexible loops connecting these helices (not modeled in the structures) are present in human and S. cerevisiae eIF4G (Fig. 2a) . Structural comparison with other MIF4G-containing proteins shows that the MIF4G domains from human Upf2 (Kadlec et al., 2004) and PAIP1 (Lei et al., 2011) feature shorter helices forming HEAT repeat 3 when compared with TcEIF4G5-MIF (Fig. 2b) .
The TcEIF4G5-MIF structure also shows a distinct orientation of the fifth HEAT repeat. Helices 5a and 5b in TcEIF4G5-MIF show a significant twist relative to the homolog structures (Fig. 2) . Helices 4b and 5b participate in the intermolecular interface of the asymmetric unit dimer (not shown), which could explain the conformational change involving HEAT repeat 5 of TcEIF4G5-MIF. However, the reorientation of HEAT repeats may also suggest a molecular mechanism for interaction with partners in multi-protein complexes (as discussed below). The MIF4G domain has been shown to act as a multipurpose adaptor; thus, despite its overall structural conservation, local differences are likely to be the key to the recognition of distinct partners among the various MIF4G-containing complexes.
3.2. The residues involved in the eIF4G-eIF4A interaction are not conserved in T. cruzi EIF4G5-MIF The middle domain of eIF4G has been shown to interact with the RNA helicase eIF4A in the formation of the translation initiation complex eIF4F (Imataka & Sonenberg, 1997) . The crystallographic structure of the MIF4G domain of S. cerevisiae EIF4G1 in complex with eIF4A shows that the interaction involves HEAT repeats 1, 2 and 5 of MIF4G (Schü tz et al., 2008; Fig. 3 ). The sites of interaction with eIF4A were shown to be structurally conserved in the eIF4G homolog DAP5 (Virgili et al., 2013) . In particular, a conserved motif observed in HEAT repeat 1 of ScEIF4G1-MIF, 611-KSLLNKLTLEMF-622, was shown to be essential for the interaction with eIF4A ( Figure 2 superposition of TcEIF4G5-MIF reveals that whereas the residues involved in hydrophobic interactions which stabilize the packing of -helices are conserved, four residues whose side chains make direct contacts with eIF4A in ScEIF4G1 (Ser612, Asn615, Thr618 and Glu620) are replaced by glycines in T. cruzi EIF4G5 (Fig. 3b) . In addition, the conformational change of HEAT repeat 5 in TcEIF4G5-MIF causes helices 5a and 5b to move away from the interface with eIF4A when compared with the homolog from S. cerevisiae (Fig. 3a) . 
Figure 4
Structure-based sequence alignment of the MIF4G domains of S. cerevisiae EIF4G1 (ScEIF4G1) and T. cruzi eIF4G homologs. The alignment was performed with PROMAL3D using the ScEIF4G1 and TcEIF4G5 crystal structures and the homology models generated for EIF4G1 to EIF4G4 from T. cruzi. Sequences are colored according to amino-acid identity (yellow background) or similarity (gray background). The residues forming the HEAT repeats are highlighted in red and the corresponding -helices are labeled. The residues participating in the interaction of ScEIF4G1 with eIF4A are indicated with stars.
bend in the C-terminal portion of helix 4b of S. cerevisiae EIF4G1 which is not observed in TcEIF4G5-MIF (see the inset in Fig. 3a) . The interaction between initiation factors eIF4G and eIF4A in trypanosomatids has been described to involve the EIF4G3 and EIF4G4 homologs (Moura et al., 2015) . In L. major, the amino-acid triplet LNK (belonging to the conserved MIF4G motif described above) is essential for eIF4A binding (Moura et al., 2015) . In order to analyze the conservation of the eIF4A-interacting residues within T. cruzi eIF4G homologs, we generated homology models for the MIF4G domains of T. cruzi EIF4G1 to EIF4G4 and performed a structure-based sequence alignment with the MIF4G domains of T. cruzi EIF4G5 and S. cerevisiae EIF4G1 (Fig. 4) . Similarly to L. major, the helix 1a LNK triplet is conserved in T. cruzi EIF4G3 and EIF4G4, suggesting a conserved interaction pattern with eIF4A, which is partially conserved in TcEIF4G2. The frequency of glycine residues in helix 1a appears to be characteristic of EIF4G5 and indicates a disruption in this homolog of the interaction surface of HEAT repeat 1 with EIF4A.
The protein-binding roles of MIF4G are specific to the cellular context and partners and are likely to be determined by specific molecular features within its conserved overall structure. Structural differences in MIF4G domains convey significant differences in shape and chemical properties to their surfaces, and are likely to contribute to their function as selective scaffolding domains.
Conclusion
We have described the first three-dimensional structure of an MIF4G domain belonging to a trypanosomatid translation initiation factor eIF4G. Despite the overall structural conservation, the MIF4G domain of T. cruzi EIF4G5 features specific differences which may play a role in the mechanism of partner recognition and may account for the distinct functions of trypanosomatid eIF4G homologs in translation or regulatory mechanisms. Moreover, given the diversity of MIF4G interaction partners, detailed atomic information on MIF4G domains contributes to illustrate the spectrum of MIF4G structural specificities behind their interaction properties.
